It is demonstrated that it is possible to switch the magnetisation of nanomagnets by employing the exchange interaction between magnets. This can implement on-chip clocking for nanomagnetic logic circuits by using a current-carrying copper wire circularly wrapped by ferromagnetic cladding. This scheme is potentially more energy efficient than yoked cladding clocking using an external magnetic field for magnetisation switching. Maxwell simulation shows that current flowing through copper wire can be reduced by about one hundred times compared with yoked clocking, which means power consumption could be lowered by 10 4 times. Micromagnetic simulation shows that the nanomagnetic chain aligned on the proposed clocking can achieve a correct functional state.
1. Introduction: Nanomagnetic logic is a non-volatile computational paradigm with great potential in the 'beyond CMOS' way when the scaling down law meets its bottleneck [1] . In such a paradigm, binary logic values are configured by the two stable magnetisation orientations of a pillar-shaped nanomagnet with strong shape anisotropy [2, 3] . Within the quantum-dot cellular automata (QCA) architecture, logic gates consisting of dipole coupled nanomagnets have been experimentally realised at room temperature [2] [3] [4] [5] [6] [7] . It is assumed that, if 10 10 of these nanomagnets switch 10 8 times each second, they would dissipate about only 0.1 W of power [2] . Although the energy associated with magnetic switching can be very small compared with conventional transistors, the clocking that generates a magnetic field to drive the computation also consumes energy. Furthermore, it is a major challenge to design energy efficient clocking for nanomagnet logic circuits.
Several clocking schemes exploiting different physical mechanisms have been reported, such as copper wire yoked by ferromagnetic cladding [7] [8] [9] [10] , strain-induced clocking for a two-layer magnetostrictive-piezoelectric nanomagnet [11] [12] [13] and spin Hall effect spin-torque-based clocking [14] . In this Letter, we are inspired by the first scheme, which can be readily integrated with CMOS logic [8] . This scheme employs current-carrying copper wire under the nanomagnets to generate an Oersted field, and uses yoked ferromagnetic cladding to focus the magnetic field on the nanomagnets. However, this structure has low energy efficiency and has crosstalk problems because the localisation of the magnetic field is not strongly concentrated.
To cope with this issue, we investigate the energy efficiency of using exchange interaction between nanomagnets and magnetic cladding to switch the magnetisation orientation of the former and then test the feasibility of the proposed scheme.
Clocking structure:
The proposed structure is shown in Fig. 1 . Two clock zones are juxtaposed on the Si substrate, and separated by a thin oxide layer, which can avoid the crosstalk between them. Different from the previous yoked clocking, this scheme allows the ferromagnetic cladding to completely wrap the copper wire and assigns the nanomagnets on the ferromagnetic cladding. Although the two schemes have similar structures, they adopt different interaction principles to switch the magnetisation. The previous clocking that applies a concentrated Oersted field to switch magnetisation depends on Zeeman interaction. In this methodology, this long-ranged coupling mechanism may have lower efficiency than other short-ranged interactions when the devices scale down to the nanometre scale. Here, the proposed scheme employs exchange interaction, which is the largest magnetic interaction [15] . When cladding is magnetised by a circular Oersted field surrounding the copper wire, the spin in the top of the cladding becomes almost parallel to the white arrows shown in Fig. 1 . Hence, the spins on the interface offer exchange interaction fields to their neighbouring spins in the nanomagnets. Finally, all the spins in the nanomagnets flip to the orientation of the clock field in a domino effect.
As shown in Fig. 1 , we make the top of the ferromagnetic cladding much thinner than the bottom, so that the flux density threading through the top is much higher than that at the bottom. As the Maxwell equation of magnetostatics ∇·B = 0 describes it, the total flux of the magnetic induction emerging from a closed surface must be zero. In addition, a magnetisation evolution must follow the law of angular momentum conservation, which means that the angular momentum must be transferred from one reservoir to another [15] . Therefore, this structure can pump the spintronic angular momentum into the top of the ferromagnetic cladding and then transfer it to the nanomagnets via exchange interaction. As a result, the magnetic induction can be largely focused on the target cells.
Results and discussion:
To demonstrate the energy efficiencies of the yoked clocking and the proposed scheme, we have simulated the two structures in the electromagnetic simulator Maxwell 2D [16] , with a current density of 10 6 A/cm 2 flowing through the copper wire. The relative permeability parameters of the nanomagnets and cladding are 3000 and 1000, respectively. The two structures in the simulation have the following dimensions: for copper wire, width = 1000 nm and thickness = 200 nm; for cladding, sidewall thickness = 20 nm, bottom thickness = 100 nm (Fig. 2a) , the magnetic induction B in most nanomagnets ranges from 6.75 to 11.22 mT, which is a bit higher than that in the gaps between the nanomagnets but much lower than that in the ferromagnetic sidewall. By contrast, the proposed design (Fig. 2b) can not only obtain more magnetic induction, but also pump it into the top of the cladding. The magnetic induction in nanomagnets mostly ranges from 318.79 to 1.22 T. Fig. 3a shows the magnetic inductions B x values along the lines, which are 5 nm above the two clocking structures, respectively. B x is the magnetic induction in the direction of the hard axis of the nanomagnets. The red dashed line shows the results of the yoked clocking, where peaks are the magnetic induction values in the nanomagnets and are about 10 mT, while the B x field in the nanomagnets generated by the proposed clocking is about 1 T. Thus, the proposed clocking can lower the current by 100 times that in the previous scheme, and accordingly reduce the power consumption by 10 4 times. In addition, this plot shows there are two other advantages to the proposed clocking. First, the plot of its magnetic induction has a largely higher peak/hollow ratio than that of the yoked clocking, which demonstrates it can concentrate the B x field on the nanomagnets. Secondly, the field in the marginal area of the proposed clocking is much lower than that of the yoked clocking, which is helpful in reducing the crosstalk between the neighbouring clock zones.
Since the magnetic induction depends on the space through which the flux passes, it is susceptible to the dimensions and relative permeability of the ferromagnetic cladding. Thus, we investigate the optimisation design of the proposed clocking shown in Fig. 3b . In the numerical simulation, we constructed ten clocking copies with the thickness of the ferromagnetic cladding top ranging from 5 to 50 nm, and adjusted the relative permeability (RP) ranging from 100 to 3000 in each copy, while other parameters were kept unchanged. Fig. 3b shows that each clocking copy with higher relative permeability cladding can generate larger B x . Moreover, the clocking with the 10 nm top cladding generates the largest B x in the ten copies.
On further consideration, implementation of switching the magnetisation is methodologically unequal to realising the 'clock' for nanomagnets. Compared with the yoked clocking, there are interactions between the nanomagnets and ferromagnetic cladding barring the dipolar-coupled interactions between neighbouring nanomagnets in the proposed scheme. Whether the additional interactions handicap the logic gates functional working is a key issue. Therefore, we need to investigate the magnetisation process of the devices upon the application of the clocking with a simulator Object Oriented Micromagnetic Framework (OOMMF), which is a numerical Landau-Lifshitz-Gilbert equation integrator developed by the National Institute of Science and Technology (NIST) [17] . We construct an inverter chain of ten nanomagnets plus the leftmost input and the rightmost protecting block on two neighbouring clock zones, as shown in Fig. 4a . The magnets are separated by the red dashed line, which denotes that the left two magnets are assigned to the left clock zone 1, and the others are laid on the right clock zone 2. The dimensions of the input nanomagnet and the protecting block are 180 × 70 × 30 nm and 50 × 100 × 30 nm, respectively. The lengths of the clocking and nanomagnets are 500 and 80 nm, respectively. The other dimensions of the circuit are used as mentioned above. In addition, we let the saturation magnetisation (M s ) of the nanomagnets and ferromagnetic cladding be 8 × 10 5 A/m, the exchange interaction constant A 10.5 × 10 −12 J/m and the damping coefficient 0.5. Suppose that the current of the right clock zone flows into the paper before the input bit comes, thus we let the initial magnetisation of all the nanomagnets point right, and let the cladding of the right clocking have the clockwise remanence. We let the leftmost nanomagnet input values '0' into the inverter chain. Here, we do not take account of the magnetisation of the left clocking.
Figs. 4b and c show the final magnetisation of the inverter with the clocking in planform and side elevation view, respectively. In Fig. 4b , the insets denote magnified nanomagnet images, and they have the downwards (red colour) and upwards (blue colour) magnetisation, respectively. From this sub- Figure, we can see that the red and blue colour appears by turns, which indicates that the chain of ten nanomagnets works as an inverter in antiferromagnetically coupling fashion, while the magnetisation of the top cladding is locally impacted by the nanomagnets and the bulk of it keeps its initial magnetisation. In Fig. 4c , the input nanomagnet and other nonmagnetic structures are not displayed. Likewise, two of the Figure 2 Simulation results of magnetic induction distributions of yoked clocking (Fig. 2a) and proposed clocking (Fig. 2b ) Figure 3 Magnetic induction B x of the two clockings against distance X (Fig. 3a) , and comparisons of simulation results of the proposed clocking with different parameters (Fig. 3b) nanomagnets are magnified at the centre of the plot. The red and blue ones have the outward and inward magnetisation, respectively. Besides, the length of arrows in the plot denotes how much magnetisation orientation departs from the vertical line to the paper. Fig. 4c shows the arrows at the bottom of the nanomagnets are longer than those at the top, because the magnetisation of nanomagnets close to the cladding is strongly impacted by its remanence.
Conclusion:
In this Letter, an on-chip clocking for nanomagnetic logic using copper wire 'circularly wrapped' by ferromagnetic cladding has been demonstrated. Maxwell simulation revealed that this scheme can efficiently reduce the current density and mitigate the risk of crosstalk. This results in much lower power consumption and a more compact layout than the yoked clocking. Micromagnetic simulations showed that the nanomagnetic array assigned on the clocking finally achieves the correct state. Future work will consider the reliability of the clocking scheme in more detail, such as the effects of top cladding thickness and the saturation magnetisation of the cladding. 6 References
